Experimental bipolar disorder (BD) was induced by repeated daily injection of the increasing doses of d-amphetamine sulfate (AMPH) (2-4 mg kg -1 , 18 injections) in male young adult Wistar rats characterized by temporal arousal mimicked mania, and reduced exploratory and locomotor activities associated with behavioural depression under the condition of withdrawal of AMPH. At the end of the injection course, a stimulation of the lipid peroxidation processes and alterations in the mitochondrial and cytoplasmic activities of both arginase and nitric oxide synthase (NOS) were observed in the regions of brain corticolimbic system (prefrontal cortex, striatum, hippocampus and hypothalamus) and blood leukocytes. We have shown for the first time that a reversal treatment with the mixture of the specific probiotics with psycho-and antifungal activities in free (PMF) and zeolite-immobilized (PMZ) forms, and/or with a mood stabilizer, sodium valproate (VPA) inhibited oxidative stress and modulated differentially the L-arginine metabolic pathways in the brain and blood following AMPHinduced BD. Both PMF and PMZ efficiently normalized the activities of arginase isoforms and upregulated the suppressed intracellular NOS along with the gut microbiota restoration and prevention of the histopathological changes in the brain regions accompanied by normalization of rat behaviour.
INTRODUCTION
Bipolar disorder (BD), a complex, psychiatric disorder is one of the leading causes of disability, low quality of life both among men and women, affecting about 60 million people worldwide.
1,2 In recent years the incidence of BD has increased, the mean age of patients decreased up to 42 years, and without treatment approximately 15 % of patients with BD commit suicide. 3 Nowadays, the multiple character of the BD etiology is accepted involving oxidative stress, mitochondrial dysfunction, inflammation, cell signalling, apoptosis, impaired neurogenesis, etc., that are controlled by current mood stabilizers such as valproate, lithium, lamotrigine. 4 It has also become obvious, that the microbiome alterations are implicated in stress response, memory functions, social behaviour, and mood contributing to the pathophysiology of BD and other neuropsychiatric disorders. 5, 6 Moreover, gut microbiota can affect cognition and behaviour through a number of immune-related mechanisms. 7 Since, normalizing of microbiota with probiotics (live useful bacteria) is showing antipsychotic and antidepresssant effects, their possible adjunctive therapeutic role in mood-related psychiatric symptoms has been suggested. 8, 9 Previously, we have shown that administration of zeoliteimmobilized probiotics may protect from a development of depression/anxiety and cognitive deficit in stressed rats. 10 We have also demonstrated the changes in the behaviour, gut microbiota, brain morphology and redox homeostasis are accompanied by perturbations in the L-arginine intracellular metabolic pathways in the regions of corticolimbic system and blood leukocyte following damphetamine-induced BD. [11] [12] [13] In this study we show for the first time the effect of reversal treatment with the mixture of specific probiotics in free (PMF) and zeolite-immobilized (PMZ) forms on the mitochondrial and cytoplasmic activity of argininemetabolizing enzymes, arginase and nitric oxide synthase (NOS) compared to reversal treatment with sodium valproate (VPA), a multiple action anticonvulsant and mood stabilizer that is also known as an effective drug in the treatment of BD.
The probiotic mixture contained (6 x 10 9 CFU mL -1 ) with equal quantities of the mentioned microorganisms.
Animals and treatments
All procedures involving animals were in accordance with the International Laboratory Animal Care and the European Communities Council Directive (86/809/EEC) and approved by the respective local committee on biomedical ethics (H. Bunyatyan institute of biochemistry, Yerevan, NAS RA). Two-to 3-month-old maleWistar rats from our breeding colony were used. All animals were maintained on a 12 h light/dark cycle at normal room temperature and housed in groups of 6 per cage with free access to food and tap water.
Experimental design
The animals were divided into control group -native rats and experimental groups, in which BD was reproduced by repeated intramuscular (i.m.) injection of non-neurotoxic escalating doses of AMPH (2-4 mg kg -1 ). 15, 16 Rats received AMPH once a day on each weekday (but not on weekends), in total 18 injections. After the ninth injection the experimental animals were divided into four groups, an AMPH-group, in which rats continued receive AMPH only, VPA group, in which in parallel with AMPH injection animals were orally gavaged with VPA at a dose of 200 mg kg -1 , and PMF and PMZ groups in which in parallel with AMPH injection animals were fed with 1 mL (6 x 10 9 CFU mL -1 ) of the PMF and/or PMZ. Toward the end of the treatment, all of the animals underwent a behavioral testing in open field (OP) and elevated plus-maze (EPM). Stereotypy ratings were also scored. Thereafter, rats were decapitated.
Open field (OF) test
The rats were placed singly into an OF (diameter 1m, divided by 2 concentric circles into 16 equal sections on the floor of the arena) and observed in 3 min to measure locomotor activity (the number of sectors crossed with all paws (crossing), exploratory behavior i.e., the number of rears (posture sustained with hind-paws on the floor) and grooming (including washing or mouthing of forelimbs, hind-paws, body and genitals), and boluses (anxiety) counted manually/visually.
17

Elevated plus-maze test
Immediately after the OF test the rats were placed singly into a common central platform (10 cm × 10 cm) of elevated plus-maze comprised two open and two closed arms (45 cm x 10 cm x 10 cm) and elevated to a height of 80 cm above the floor. During a 3-min observation period, the following parameters were measured: number of open arms entries and number of closed arm entries. Exploration (grooming and rearing) and risk assessment (number of hanging over the open arms). 18 At the end of each trial, the open field and elevated plus-maze were wiped clean with ethanol. Stereotypy ratings were scored as previously described.
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Microbiota
After decapitation trunk blood was collected, each animal was opened aseptically, samples of faeces from the lower part of the gut and washouts of brain were immediately placed into an anaerobic chamber for bacteriological analysis. Samples were incubated in sucrose broth at 37 °C for 24 h (blood was diluted by 1:5 v/v), then examined by microscopy, inoculated to the solid culture media, agar plates (Endo, sucrose, and blood agar), and incubated for 24 h. Blood samples were incubated for 5 days to facilitate a growth of microbes. The characteristics such as morphology and color of the colonies, as well as hemolysis, plasmacoagulation, aerobic fermentation of mannitol were examined for identification of microorganisms.
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Histopathological analysis
Formalin fixed brain region tissues were stained with hematoxylin and eosin (H&E) and examined for any histopathological changes. Pathological diagnosis of each brain specimen was assessed and analyzed by specialized histopathologist in a blinded manner.
Composition of chemically modified natural minerals
The multielemental composition, chemical modification, grinding (about 50 μm powder) of zeolite, bentonite and diatomite were previously dtermined, similarly dosedependent effect on growth promotion in cultures of specific strains of Lactobacilli and Bifidobacteria and efficiency of their immobilization have been studied.
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Selected probiotics were cultured and immobilized using composition of micronized modified natural minerals (MNM) (zeolite (80 %), diatomite (10 %), and bentonite (10 %).
Brain cytoplasmic and mitochondria
Preparation of brain cytoplasmic and mitochondrial fractions was performed by differential centrifugation. 22 Brains were rapidly removed from the skulls, placed on a cold plate, and prefrontal cortex (PFC), striatum, hippocampus and hypothalamus were dissected and homogenized in ice-cold 20 mM HEPES buffer pH 7.4, containing 0.25 M sucrose, (1:10, w/v) using Potter homogenizer (1500 rpm for 3 min). Homogenates were centrifuged at 3000 rpm for 10 min to remove nuclear fraction. Supernatants were collected, centrifuged at 15000 rpm for 20 min, and cytoplasm in the supernatants and mitochondria in the pellets were obtained. Mitochondria were washed twice using the above mentioned buffer.
Isolation of blood leukocyte
Freshly obtained blood was drawn into 3.8 % sodium citrate anticoagulant, then mixed with 6 % dextran (prepared in 0.9 % NaCl) and incubated at 37 °C for 60 min to remove erythrocytes from blood by gravity sedimentation, and decanted layer was centrifuged at 1000 rpm for 5 min and the pellet containing leukocytes was washed twice and used, whereas plasma was obtained from supernatant by centrifugation at 6000 rpm for 20 min at 4 °C. 23 Preparation of leukocyte cytoplasmic and mitochondrial fractions was performed by differential centrifugation of the leukocyte homogenates. 22 Leukocytes were resuspended and homogenized in ice-cold 20 mM HEPES buffer pH 7.4, containing 0.25 M sucrose, (1:10, w/v) using Potter homogenizer (1500 rpm for 3 min), then centrifuged at 1200 rpm for 10 min at 4 °C to remove nuclei and cell debris. Pellet was discarded and the supernatant further was centrifuged at 11000 rpm for 20 min at 4 о С to yield the crude mitochondrial preparation which was washed twice, resuspended and homogenized in the buffer used. The cytoplasm was in the supernatant fraction.
Arginase assay
The samples were added to the reaction mixture containing 20 mM HEPES buffer (pH 7.4), 3.9 mM MnCl2·4H2O, 15.4 mM L-arginine·HCl and incubated at 37 °C for 60 min, followed by the addition of 10 % TCA to stop the reaction. 24 Parallel control experiments were conducted in the presence of 20 mM L-valine, a nonselective inhibitor of the arginase isoforms. Following a centrifugation (15000 rpm, 3 min) the protein-free supernatants were sampled and analyzed for L-ornithine content. The arginase activity expressed as produced in an hour L-ornithine per mg of total protein.
Measurement of L-ornithine
Samples were mixed with 4.5 % ninhydrin (1:1, v/v), heated (90 °C, 20 min), cooled to the room temperature and the absorbance was measured at 505 nm wavelength against reagent blank containing all the reagents minus the sample. . 25 Parallel control experiments were conducted in the presence of 15 mM N G -monomethyl-L-arginine·HCl, nonselective inhibitor of all the NOS isoforms. Reaction was initiated by addition of samples to the incubation medium and terminated by subsequent addition of 0.5 N NaOH and 10 % ZnSO4·7H2O. Following a centrifugation (15000 rpm, 3 min) the protein-free supernatants were sampled and analyzed for nitrite content. The NOS activity is expressed as produced in 22 h nitrite per mg of total protein.
Measurement of nitrite
Samples were deproteinized with 0.5 N NaOH and 10 % ZnSO4·7H2O. Following a centrifugation (15000 rpm, 3 min), the protein-free supernatants were sampled and analyzed for nitrite using colorimetric technique based on diazotization reaction. Samples were mixed in equal parts with Griess-Ilosvay reagent (1:1 mixture of 0.17 % sulfanilic acid and 0.05 % α-naphthylamine in 12.5 % acetic acid) and measured at 546 nm wavelength against reagent blank containing all the reagents minus the sample. 26 Indices of oxidative stress referring to lipid peroxidation processes were established by measuring malondialdehyde (MDA) using thiobarbituric acid (TBA). 27 Samples were deproteinized with 10 % TCA and the precipitates were removed by centrifugation at 15000 rpm for 3 min, supernatants were mixed with 0.6 N HCl and 0.72 % TBA, heated for 15 min in boiling water bath that resulted in the formation of pink-colored secondary product of MDA and the absorbance was measured at 535 nm wavelength against reagent blank containing all the reagents minus the sample.
Protein was determined using crystalline bovine serum albumin as standard. 28 
Statistical analysis
All data were analyzed using a one-way analysis of variance (ANOVA) followed by post hoc Holm-Sidak test (SigmaStat 3.5 for Windows). Data are expressed as the mean ± S.E.M. Differences are considered statistically significant at a probability level of P < 0.05.
Results and discussion
Amphetamine-induced behaviors and underlying brain changes are considered as an endophenotype of BD. 29 Previously, we have established a rat model of dexamphetamine (AMPH)-induced BD and revealed an overgrowth of Candida albicans, manifestation of Staphylococcus aureus contributed to a reduction in the number of beneficial bacteria, as well as changes in histopathological and biochemical patterns in brain and blood.
11-13 Elevation of C. albicans and its association with worse positive psychiatric symptoms in patients with BD and schizophrenia have been demonstrated. 30 We showed that preventive treatment with a mixture of the specific probiotic have benefits in the AMPH-induced BD. 31 This probiotic mixture was composed of psychobiotics, L. rhamnosus and Bifidobacterium bifidum, and Lactobacilli with fungicidal activity, as well as E. coli М17, which plays a pivotal role in the modulation of microbiota and maintaining homeostasis.
32,33 However, a major concern for the use of probiotics in vivo is that they must survive and sustain transit through the detrimental factors of the gut in large quantities to facilitate their colonization in the host and confer in vivo health benefits, and immobilization of probiotics may protect them from the harmful gut factors and enable their transport and normal functioning in gut. 34, 35 Natural minerals such as zeolites, diatomite and bentonite with absorbent and ion-exchange properties containing macro-and microelements have been effectively used as carriers and promoters of bacterial growth. 36 Natural minerals can also replenish the need of organism for minerals and used as enterosorbents improving metabolism via absorption of toxins from the intestine, and even from blood due to a diffusion through the intestine. 37 In addition, natural minerals do not exert mutagenic effects, they are non-toxic, effective, versatile and economical, therefore bentonite and diatomite are E558, E551 food additives approved in EU as anti-caking agents.
Notably, potential benefit of a micronutrient treatment (consisting mainly of vitamins and minerals) is shown for various psychiatric symptoms, including bipolar II disorder with co-occurring attention-deficit/hyperactivity disorder. 38 Based on this, we immobilized the above probiotics using the micronized chemically modified natural minerals composition (MNM) with domination of zeolite (see Experimental) and conducted a comparative study of the specific probiotic mixture in free (PMF) and MNMimmobilized (PMZ) forms versus VPA in reversal treatment of AMPH-induced BD.
Effect of treatment with probiotics vs. sodium valproate on histopathological changes in the regions of corticolimbic system
Our results show that reversal treatment with both probiotics and/or VPA prevented bacterial translocation and mainly normalized microbiota and rat behavior. However, in the gut of VPA-treated animals single colonies of S. aureus were found. It is in line with finding that sodium valproate is selectively potent in vitro against C. albicans, while it exerted low activity against S. aureus. 39 Restoration of balanced microflora via treatment with probiotics and VPA apparently contributed to amelioration and prevention of histopathological changes in the brain regions of corticolimbic system which were examined using H&E staining. Reversal treatment with both PMF and PMZ showed the similar effect on the brain regions morphology like in prevention treatment with the same mixture of probiotics, i.e., in the most of regions were detected only unremarkable changes from control. 31 However, after reversal treatment with PMF in the hypothalamus were observed proliferation and edema, and in the PFC were seen multiple blood microvessels, following PMZ-treatment, presumably, related to protective capillary creation (Figure 1, A, B) . As shown in Figure 1C -F, after reversal treatment with VPA, edema and compensatory full-blooded vessels were detected in the PFC, and interfibrillar edema, proliferation, cellular polymorphism were observed in the rest of brain regions. Biochemical pattern associated with the effects of the probiotics and VPA was also studied.
Effect of treatment with free and immobilized probiotics vs. sodium valproate on the lipid peroxidation processes in brain and blood
Overproduction of reactive oxygen species accompanied by protein oxidation, lipid peroxidation and oxidative damage to DNA/RNA plays crucial role in the pathophysiology of BD. 40, 41 Thiobarbituric acid reactive substances (TBARS) are formed as a byproduct of lipid peroxidation, and TBARS levels reflect the oxidative stress state which increases both in the acute phase of BD (mania/hypomania and depression) and with BD progression stage. 42 We used assay of TBARS to measure MDA level formed via the decomposition of certain primary and secondary lipid peroxidation products and is a marker of oxidative stress. AMPH-induced BD was associated with an elevation of MDA level of a 2.7, 2.2, 2.0 and 4.5-fold in the PFC, striatum, hippocampus and hypothalamus and by about 6 and 3 times in the leukocyte and plasma compared respectively to ontrol. In reversal treatment administration all of preparations, PMF, PMZ and VPA decreased the MDA content in brain and blood (Figure 2 ).
PMF normalized the MDA content in the PFC and striatum. Both PMF and PMZ didnot influence MDA level in hippocampus, but reduced it almost halved in thehypothalamus, in which it remained 2.4 times above the control. At the same time, PMF diminished the MDA content in theleukocytes by 1.6 times, compared to control, whereas it was normalized by PMZ and VPA. Notably, VPA reduced the MDA content by 1.7, 1.8 and 1.5 times below the control in thePFC, striatum and hippocampus respectively, and normalized in hypothalamus. Antidepressant mechanism of VPA is shown perhaps linked to an inhibition of oxidative damage via improvement serum MDA level, and serum catalase and superoxide dismutase activities, and upregulation of tyrosine hydroxylase and tryptophan hydroxylase in the PFC of rats exposed to chronic unpredicted stress. 43 Both PMF and PMZ reduced drastically the MDA level in plasma by approximately 7 and 4.6 times compared to control, while after VPA treatment it was twice the norm.
Thus, probiotics and VPA suppress differently AMPHinduced lipid peroxidation, i.e., system-wide oxidative stress response there through preventing oxidative damage in the brain regions responsible for cognitive function, emotion and mood, as well as in blood leukocyte and plasma. However, it should be considered that a drop of the MDA level below the norm could decrease the physiological level of oxidant challenge essential for governing life processes through redox signaling.
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Effect of treatment on the arginase activity in brain and blood
Recent research has identified inflammatory agents and reactive oxygen species as drivers of the pathologic elevation of arginase activity and expression. 45 Arginase hydrolyzes L-arginine to urea and L-ornithine, and exists in 2 isoforms, cytoplasmic (A1) and mitochondrial (A2). 46 Immunolocalization studies have shown the presence of both A1 and A2 in brain, especially in hippocampal neurons. 47 Differential expression of the arginase isoforms could provide a means to preferentially direct ornithine either to proline or excitatory amino acid glutamate synthesis via ornithine aminotransferase in cytoplasm or to polyamine synthesis via ornithine decarboxylase in mitochondria. 48 A significant increase in the concentration of polyamines in some structures of the limbic system and reticular formation in autopsy specimens of the brain of patients with schizophrenia has been found. 49 Previously, we have shown that activation of lipid peroxidation processes was accompanied by a region-specific stimulation of the arginase isoforms in the cytoplasm and mitochondria in the brain corticolimbic system regions and blood leucocyte following AMPH-induced BD.
Prevention of oxidative stress and L-arginine metabolism modulation in rat brain
12, 13 Here we observed that Figure 1A . Effect of treatment with PMF on proliferation and edema in hypothalamus. reversal treatment with VPA, and free and immobilized probiotic mixture exerted a modulatory effect on the intracellular arginase activity in brain and blood following AMPH-induced BD. 24 hours after discontinuation of treatment with probiotics and VPA and injection of dexamphetamine, A1 and A2 activities were mainly reduced in the brain regions studied, with exception for the A1 Figure 1D . Effect of treatment with VPA on Striatum showing intensive interfibrillar edema. ) and hydrogen peroxide (H2O2) can also enhance mRNA content and A1 activity in the rat alveolar macrophages. 51 A decrease of arginase isoforms activity partially is due to suppression of lipid peroxidation processes by the preparations. Of interest, both PMF and PMZ did not also decrease lipid peroxidation in the hippocampus following AMPH-induced BD. However, despite the fact that VPA decreased the level of MDA, the A1 activity was not reduced in the hippocampus of VPA-treated rats indicating the existence of other factors that may affect the expression and activity of the enzyme. It should be noted that on one hand A2 may contribute to oxidative stress via stimulation of mitochondrial reactive oxygen species (O2
•− and H2O2) production and there through promote macrophage inflammatory responses. 52 On the other hand, A2 preferentially direct ornithine to putrescine which suppresses lipid peroxidation, and support brain functions in adaptation to extreme environmental conditions. 53 This complicates the picture studied. So, both PMZ and VPA equally reduce the MDA content in the leukocyte, but they differentially decrease the arginase isoforms activity (Figure 3 ).
It should be noted that during BD enhanced arginase activity and a subsequent decrease in the L-arginine levels can activate a stress kinase pathway that impairs function of T lymphocytes and also can inhibit the mitogen-activated protein kinase signaling pathway required for macrophage production of cytokines in response to bacterial endotoxin/lipopolysaccharide. 54 VPA decreased the A1 and A2 activities by 1.9 and 4 times below control values in the PFC. PMZ caused a decrease in the activity of A1 and A2 of a 2.4 and 3.2-fold below the norm in the leukocytes respectively. Such suppression can affect the functions of arginase, which plays a role in protection against NH3 toxicity and cell growth and repair. So, hyperammonemia is caused by valproate therapy or overdose, and L-arginine could be potentially used therapeutically to correct this phenomenon. 
Effect of treatment with probiotics and sodium valproate on the nitric oxide synthase activity in brain and blood
Arginase and nitric oxide synthase (NOS) share common substrate L-arginine, and another likely mechanism which may also contribute to the arginase effects is influence on the nitric oxide (NO) production via quenching of Larginine and limiting its supply or via synthesis of urea, which inhibits a dimerization of the inducible NOS (iNOS) monomers to active form. 56, 57 Moreover, arginase-derived Lornithine is converted to putrescine and then to the polyamines, spermidine and spermine, which inhibits iNOS translation and NO overproduction. 58 NO is a versatile messenger molecule, with the characteristics of neurotransmitters, that may influence the levels of dopamine, noradrenaline, serotonine, acetylcholine, GABA. 59 Moreover, NOS/NO system appeared to be involved in the pathophysiology of BD. 41 We have previously demonstrated that a total NOS activity was decreased in the cytoplasm and mitochondria in the regions of corticolimbic system and blood leucocyte following AMPH-induced BD.
12 Reversal treatment with VPA and free and immobilized probiotic mixture not only prevented an inhibition of NO production, but also stimulated the latter ( Figure 5 ).
A total NOS activity has increased approximately equally over shooting the control values in the cytoplasm and mitochondria of striatum and hippocampus following treatment with PMF and PMZ. Pronounced differences in the influence of PMF and PMZ on total NOS are observed in the mitochondria of PFC, and in the cytoplasm of hypothalamus leveled after a week post-treatment (data not shown). The tendency to normalization of the NOS in the cellular compartments of hippocampus and hypothalamus predominated following VPA treatment, whereas in the PFC and striatum a total NOS activity was not significantly affected by VPA. This indicates that an increase in the activity of NOS is not necessarily related to the inhibition of the activity of arginase isoforms by preparations studied. Moreover, a stimulation of NOS could contribute to inhibition of arginase reaction, as the first intermediate of NO synthesis, N G -hydroxy-L-arginine is a well-known arginase inhibitor. The most pronounced drop about thrice in the NOS activity observed in the cytoplasm and mitochondria of blood leukocyte was prevented following reversal treatment with probiotics and VPA at AMPH-induced BD (Figre 6). VPA modulate a NOS activity in the cytoplasm and increased it in the mitochondria above the norm. PMF also caused a significant increase in the intracellular NO production, whereas PMZ had almost no effect. Nevertheless, a total NOS activity normalized in the cell compartments of leukocytes of both PMF-and PMZ-treated rats, a week after treatment in contrast to self-recovery group (data not shown). It should be noted that increased arginase activity following AMPH-induced BD could restrict the supply of Larginine required for NO production, and NOS will become uncoupled and use molecular oxygen to form superoxide, which reacts rapidly with any available NO to form peroxynitrite, further decreasing NO and further uncoupling NOS by oxidizing the co-factor BH4. 61, 62 Of interest, a negative correlations between NOS activity and free radical generation were revealed in the active rat cerebral cortex (animals selected using the emotional resonance test). 63 The antioxidant effects of NO is a consequence of direct reaction with alkoxyl and peroxyl radical intermediates during lipid peroxidation, thus terminating lipid radical chain propagation reactions.
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CONCLUSION
Taken together the data presented in this report provide further support to the claim that psychoactive and antifungal probiotics mixture both in free and immobilized forms may normalize gut microbiota and histopathological changes in the brain corticolimbic system, as well as may efficiently suppress oxidative stress and modulate the L-arginine metabolic pathways in region-specific manner in the brain, and in blood leukocyte following dexamphetamine induced BD. Further study is needed to confirm whether L-arginine intracellular alternative metabolic pathways are represent new targets for developing methods to diagnose and treat BD, and whether PMF and PMZ are effective for BD, both as mono-therapy and in combination with mood stabilizers. 
